Abstract: Clusterin is a conserved glycoprotein that has been characterized from almost all human tissues and fluids and plays a key role in cellular stress response and survival. Recently, research efforts have been contributed to explore the function of Clusterin in cancer metastasis, which is particularly important to design the strategies for treating metastatic patients. Evidence collected has demonstrated that Clusterin is overexpressed in tumor metastatic patients and experimental metastasis models. Specifically, Clusterin has been shown to have the role in anti-apoptotic capacities, development of therapy resistance and induction of epithelial-mesenchymal transition, all associated with cancer metastasis. Inhibition of Clusterin is known to increase the cytotoxic effects of chemotherapeutic agents and improves advanced cancer patients survival in clinical trials. Our unpublished data have demonstrated that Clusterin is overexpressed in bladder cancer and metformin, a well-known metabolism modulator specifically targets Clusterin by inhibiting migration of bladder cancer cells. In this review, we provide a general view of how Clusterin modulates cancer metastasis and update current understanding of detailed molecular mechanisms underlying of Clusterin for developing cancer management in future.
Introduction
Cancer metastasis is the spread of cancer from one organ or part of the body to another without being directly connected with it. It is responsible for over 90% of cancer-associated mortality. 1 Cancer metastasis could be regarded as a complicated cell-biological event and divided into a two-phase process: The first phase is the escape from the primary tumor tissues and the second phase is the survival to adapt to new microenvironments with rapid growth after successful adaption. 2 In the last decade, it has been learned that cancer cell behavior can be modified by epithelial-mesenchymal transition (EMT), inducing non-cancer stem cells to enter into a cancer stem cell-like state, thereby escape from apoptosis in the first phase. 3 Thus, it could be an efficient approach to prevent metastasis in patients who are diagnosed with early cancer lesions by finding various sensitive and feasible biomarkers which are correlated to the stages of tumor development and progresses. Clusterin, a highly conserved glycoprotein, was firstly identified in ram rete testis fluid in 1983. 4 Clusterin is a stress-induced molecular chaperone that performs its role in a manner similar to small heat shock proteins. 5 It is encoded by the tumor metastasis. 8 Therefore, Clusterin may have multifaceted functions for carcinogenesis and cancer invasion. In addition, it is very well known that heat shock proteins have demonstrated an important effect on tumor metastasis. 9 Thus, targeting Clusterin, one of recent characterized heat shock proteins to inhibit tumor metastasis, might be a valid strategy to block tumor progress and growth.
Emerging evidence showed that Clusterin is overexpressed in several metastatic cancer cells, such as colon, bladder, hepatocellular carcinoma and renal cell carcinoma. 10, 11 Overexpression of Clusterin in primary hepatocellular carcinoma increased cell migration by twofold in vitro and formation of metastatic tumor nodules in liver by eightfold in vivo. 12, 13 Introducing the Clusterin gene into human renal cell carcinoma cells enhances the formation of metastatic nodules in the lung by more than fivefold increases, an evidence of metastasis of cancer cells from kidney to lung enhanced by Clusterin. 14 
Shiota et al demonstrated that
Clusterin promoted invasion and metastasis of prostate cancer via inducing EMT. 15 Clusterin also facilitated metastasis by EIF3I/AKT/MMP13 signaling in hepatocellular carcinoma. 16 These studies implied that Clusterin upregulation plays an important role in tumor invasiveness. Clarification of the specific mechanisms of Clusterin-induced metastasis is helpful to provide strategy for inhibiting metastasis in clinic.
In this minireview, we summarize the function of Clusterin in cancer metastasis, focusing on alterations of corresponding signaling pathways. We anticipate that this review will provide updated information with elucidating the mechanisms related to Clusterin serving a potential diagnosed biomarker or target to block cancer metastasis.
The pathological role of Clusterin on cancer metastasis
The identification of useful biomarkers for the detection and diagnosis of human cancer provides a promising advance for the management of this deadly disease. Clusterin antigen has been characterized as a sensitive and stable histological marker for human intestinal tumors. 17 Osteosarcoma is the most common bone tumor in young adults under the age of 20. Using an Affymetrix microarray, Clusterin was recognized as one of the critical genes which significantly overexpressed in the metastatic samples and mediated osteosarcoma metastasis to the lungs. 22 DNA aptamers of Clusterin, as specific affinity probes binding to sites of overexpressed lung cancer tissue, were identified to characterize postoperative lung adenocarcinoma. 23 The above findings show accumulating evidence that abnormal Clusterin expression was closely associated with tumor metastasis. Thus, Clusterin in either serum and/or tissue is expected to be a candidate of diagnosis biomarkers for detection of some early metastatic cancers.
The role of Clusterin on metastasis-related biological activities and cell signaling pathway A broad range of functions have been ascribed to Clusterin, including tissue remodeling, adhesion, apoptosis, etc. 24 As described earlier, Clusterin plays an important role in cancer metastasis. Recently, the mechanisms that Clusterin favors cancer metastasis have been explored. 10, 12 Upregulation of Clusterin promotes invasion via the induction of EMT process and plays a critical regulatory role in transforming growth factor-beta (TGF-β) signaling. 15 In addition, Clusterin can also protect metastatic cells from apoptosis, leading to cell survival in adverse environment. 25 Similar to other heat shock proteins, Clusterin is a stress-activated 26 Collectively, these studies highlighted that Clusterin mediated cancer invasion through distinct ways.
The role of Clusterin on metastasis-related EMT EMT was first recognized as a feature of embryogenesis. It is a process by which epithelial cells lose their cell polarity and cell-cell adhesion, and gain migratory and invasive properties to become mesenchymal stem cells. 27 Epithelial cells express high levels of E-cadherin, whereas mesenchymal cells express those of N-cadherin, fibronectin and vimentin. 28 Beerling et al tested the existence and role of epithelial-mesenchymal plasticity in metastasis of mammary tumors without artificially modifying EMT regulators. Using microscopy, they detected that a portion of breast tumor cells undergoes EMT, become motile, disseminate and then reverse to the epithelial state upon metastatic outgrowth. 29 Thus, it would be very interesting to investigate the connections between Clusterin and EMT. Chou et al reported that Clusterin levels are positively correlated with the degree of invasiveness and Clusterin regulated EMT through modulating ERK signaling and slug expression. 30 It was observed that Clusterin-rich cells displayed a spindle-shape morphology while cells with low Clusterin levels were cuboidal in shape, implying that Clusterin plays a role in modulating the phenotypes of cells. Silencing Clusterin induced a mesenchymal-to-epithelial transition (MET) evidenced by the spindle-to-cuboidal morphological change, increased E-cadherin expression and decreased fibronectin expression, inhibiting cell migration and invasion. Re-expression of Clusterin reversed the MET and restored the mesenchymal and invasive phenotypes. Knocking down Clusterin downregulated Slug, a zinc-finger-containing transcriptional repressor of E-cadherin. 30 By analyzing serum samples collected from metastatic hepatocellular carcinoma patients and orthotopic xenograft tumor model, Wang et al found that Clusterin was significantly upregulated during cancer metastasis. ShRNA-mediated downregulation of Clusterin resulted in a reduced migratory capacity in HCC cell lines, as well as a reduction in pulmonary metastasis in vivo. In contrast, overexpression of Clusterin showed increased cell migratory ability. 13 Profoundly, it was shown that TGF-β induces Clusterin expression in various cancer cells along with cancer development. In early stage, TGF-β suppresses tumor development by arresting proliferation and inducing cell death. However, in the late stage, TGF-β increases the Clusterin expression, promoting invasion and metastasis. 30, 31 This prometastatic role of TGF-β may be linked to its ability to induce tumor cell EMT through activating E-cadherin repressors as well. In mink lung cancer cells, TGF-β induced Clusterin expression which was repressed by overexpression of c-Fos proto-oncogene. TGF-β abrogated the repression of c-Fos through effect on c-Fos protein synthesis and/or stability. 32 Using the approach of detecting the transcriptome changes in mammary tumor epithelial cells undergoing TGF-β-induced EMT, Lenferink et al found that Clusterin gene is the most highly upregulated one throughout entire TGF-beta-treated time course. Antibodies targeting Clusterin inhibited TGF-β-induced EMT, as well as the invasive phenotype of several breast and prostate tumor cell lines with monitoring hallmark features of EMT, indicating that Clusterin is a functionally important EMT mediator that lies downstream within TGF-β's EMT-promoting transcriptional cascade. To further investigate the role of Clusterin in tumor metastasis, the effect of several anti-Clusterin monoclonal antibodies in vivo using a 4T1 syngeneic mouse breast cancer model was assessed and found that these antibodies significantly reduced lung metastasis. 33 Together, these findings solidly confirmed that Clusterin prompted EMT-induced metastasis ( Figure 1 ).
The role of Clusterin on metastasis-related apoptosis
One of the important processes in efficient cancer metastasis is tumor cell survival during tumor transfer process. Studies have shown that Clusterin exerted cytoprotective properties. It prevents cell death through stabilizing the association between Ku70 and Bax, thereby inhibiting the release of cytochrome c from the mitochondria. 34 This would apparently explain how progression towards highgrade and metastatic carcinoma leads to Clusterin overexpression, and that the role of Clusterin for tumor invasion may be related to an anti-apoptotic pattern. Apoptotic pathways are mediated via multiple activators (eg, Bax, p53) and suppressors (eg, growth factors and Bcl-2). P53 has an important and essential role in responding to cell stress by either activating or repressing gene expression, controlling checkpoint responses, and inducing apoptosis. Interestingly, it was reported that p53 can suppress basal as well as ionizing radiation (IR)-induced Clusterin expression in both breast and colon cancer cells by repressing Clusterin promoter activity and transcription. 35 Insulin-like growth factor-1(IGF-1)-Clusterin pathway is hypersensitive to IR and triggers microenvironment alternation which suppressed apoptosis and promoted tumor growth and metastasis. 36 Boothman et al found that stimulation of IGF-1 and IGF-1R protein kinase signaling was required for Clusterin induction after IR exposure, and they further studied interaction among p53, IGF signaling and Clusterin expression. Their results revealed that DNA damage resulting from genetic instability produced by IR amplified IGF-1-Clusterin cell signaling pathway. This is due to loss of p53 and NF-YA occupancy on the IGF-1 promoter. Ataxia-telangiectasia-mutated Kinase (ATM), as one member of PIKKs family, is usually activated in response to the DNA damage. Further study revealed that ATM causes NF-YA modification, prevents or reverses its binding to IGF-1 promoter, depending on expression level of p53. Thus, expression level of p53 is a crucial adjustor which determines whether DNA damage accelerates or decelerates IGF-1-Clusterin pathway. 37 In addition, Clusterin has nuclear factor kappa B (NF-κB) regulatory action. Modulation of NF-κB activity is thought to be important for cell survival, stress response, cell motility and transformation. Wang et al investigated the molecular mechanisms underlying the effect of Clusterin on TNF-alpha -induced apoptosis in breast cancer cells. Their results suggested that Clusterin confers breast cancer cells resistance to TNF-alpha-induced apoptosis through NF-κB activation and Bcl-2 overexpression. Silencing Clusterin abrogated TNF-alpha-mediated NF-κB activation and Bcl-2 overexpression and rendered more sensitive to TNF-alpha-mediated apoptosis. In contrast, overexpression of Clusterin has the opposite results, consistently confirming its role of Clusterin on TNF-alpha-mediated apoptosis. 38 Surprisingly, contradictory result that Clusterin inhibits human neuroblastoma cell invasion appeared. 39 The mechanistic investigations suggested that Clusterin stabilized IκB, a tumor necrosis factor-dependent increase in NF-κB activity, decreased transcription of the NF-κB target gene and up-modulated p53 protein. It was also observed that Clusterin suppressed the metastasis phenotype of neuroblastoma xenografts in immunocompromised mice. Regulation of NF-κB activity satisfactorily explained opposing effects of Clusterin in different systems ( Figure 2 ). Clusterin also exhibits its anti-apoptotic property through other signaling. It was reported that Clusterin was positively regulated by B-MYB, a transcription factor involved in the regulation of cell survival, proliferation and differentiation. 40 Small interfering RNA targeted to Clusterin blocks tumor growth, motility and invasion in breast cancer through increasing cell apoptosis, reducing ERK and MMP-9 protein levels. 41 And a novel anticancer PEG-SMR-Clusterin peptide caused cell cycle G2/M phase arrest in both estrogen responsive and nonresponsive breast cancer cells, preventing breast cancer metastasis. 42 Interestingly, Clusterin can also protect hepatocellular carcinoma cells from endoplasmic reticulum stress-induced apoptosis through GRP78. 43 The role of Clusterin on metastasis-related chemotherapeutic resistance
Resistance to existing or novel chemotherapies adversely affects outcomes in the management of patients, leading to cancer metastasis and death. 44, 45 Understanding the mechanisms of underlying resistance and developing new strategies that can overcome resistance would improve treatment outcomes and prolong survival. According to reported drug resistance mechanisms, induction of heat-shock proteins including Clusterin that inhibit apoptosis and promote cancer metastasis may be one of the critical events. Much evidence has indicated that overexpression of Clusterin is correlated with tumor progression in various tumor types during chemotherapeutic treatment. An increase in Clusterin expression was observed in prostate cancer following androgen therapy alone or in combination with docetaxel. 46, 47 And Clusterin levels determined in biopsy specimens taken prior to neoadjuvant hormone therapy were significantly lower than those in corresponding prostatectomy specimens, and a 17-fold increase in expression levels could be observed within 4 weeks of therapy. Overexpression of Clusterin was also associated with resistance to preoperative neoadjuvant chemotherapy in breast cancer and pancreatic cancer. 48, 49 These researches imply
Clusterin expression appears to be induced in response to therapy. Therefore, targeting Clusterin may be an effective approach to reverse resistance and control cancer. Due to the extensive posttranslational processing and heterogeneous oligomerization of Clusterin, there is no definitive structure so far. This means that targeting Clusterin with small molecule inhibitors is challenging. Therefore, inhibiting Clusterin at the gene-expression level using siRNA or antisense is a valid approach to inhibit its function. In pancreatic cancer, it was found that knockdown of Clusterin sensitized MIA-PaCa-2 cells to gemcitabine chemotherapy via modulating NF-κB/Bcl-2 pathway. 50 Interestingly, Melittin, a Chinese traditional medicine, decreased gemcitabine resistance by targeting Clusterin based on microarray analyses. 51 siRNA-directed Clusterin downregulation promotes cisplatin antitumor activity in both in vitro human non-small cell lung cancer cells and in vivo xenografts through decreasing phosphorylation of AKT and ERK1/2.
52,53
It was also observed that abnormal Clusterin expression is related to multidrug resistance (MDR) of hepatocellular carcinoma. Clusterin mediates Oxaliplatin resistance via decreasing Gadd45a expression and activating PI3K/Akt signaling pathway. 54 Inhibition of Clusterin expression in HepG2/ADM cells obviously enhanced cells chemo-sensitivity, increased doxorubicin-induced apoptosis and decreased the drug efflux pump activity. Exploration of the mechanisms showed that knocking-down Clusterin significantly suppressed MDR1/P-glycoprotein and β-catenin, suggesting that downregulation of Clusterin might reverse multidrug resistance of HepG2/ADM cells. 50 Silencing
Clusterin also potentiates the lethality of sorafenib in association with inhibition ERK1/2 signals. 55 Zoledronic acid (ZOL) is a promising adjuvant molecule to chemotherapy to treat osteosarcoma, limiting the osteolytic component of bone tumors. Unexpectedly, ZOL triggers the elevation of Clusterin, which could enhance tumor cell survival and treatment resistance, leaving the unexpired side effect. Lamoureux et al investigated the combined effects of OGX-011, a second-generation antisense oligonucleotide designed to block Clusterin mRNA and ZOL in osteosarcoma. The vitro and vivo results showed OGX-011 and ZOL synergistically inhibited tumor growth and prolonged survival through decreasing Clusterin, MDR1 and Heat shock factor 1 transcriptional activity. 56 In castrate-resistant prostate cancer, cotargeting androgen receptor and Clusterin prolong survival by inhibiting adaptive stress and AR stability. 57 In human renal cell carcinoma, sorafenib treatment increased Clusterin expression. OGX-011 synergistically enhanced the sensitivity to sorafenib through marked downregulation of phosphorylated Akt and p44/42 MAPK pathways 58 ( Figure 3 ).
Clinical trials combined Clusterin inhibitor (Custirsen) with chemotherapy drugs in patients with advanced cancer have been conducted successively. The effects of Custirsen combining with gemcitabine and platinum were evaluated on chemotherapy-naive stage IIIB/IV non-small cell lung cancer (NSCLC). 59 The results showed that Custirsen treatment decreased serum Clusterin level and achieved a median survival of 27.1 compared with 16.1 months for patients who did not. Based on these results, a multinational, randomized, open-label study to compare overall survival in advanced or metastatic NSCLC is recruiting. 60 In a randomized phase II study of patients with metastatic castration-resistant prostate cancer (CRPC), first-line docetaxel and prednisone in combination with Custiren treatment has significant survival benefit compared with those received docetaxel and prednisone alone (median progression-free survival: 7.3 months vs 6.1 months; overall survival: 23.8 months vs 16.9 months). 61 Although the above phase II results are exciting, the phase III synergy trial reported on Lancet Oncol in 2017 was not that optimistic. 62 The overall survival in patients with metastatic castration-resistant prostate cancer was not improved (23.4 months vs 22.0 months). The possible reasons are 1) The intratumoral Clusterin level was not assessed in the patients enrolled in the trial. Moreover, the Clusterin gene-located on chromosome 8p proximal to the prostate cancer tumor-suppressor gene NKX3-1-might be homozygously deleted in about 20% of the men with castration-resistant prostate cancer. Thus, this subpopulation whose Clusterin expression is low or even absent may affect the synergy trial results.
2) The dose of Custirsen. The addition of Custirsen to first-line docetaxel and prednisone was well tolerated, so it may be feasible to increase the dose reasonably. 3) Overall survivals obtained from Phase II and phase III were clearly different. It may be attributed to two aspects: the right time to administer the drug in combination and a rapid change in the treatment of CRPC with newly approved drugs, such as Enzalutamide and Abiraterone, which extended the patients survival time.
However, the exploratory post-hoc analysis suggests that Custirsen might have had a survival benefit in patients who had poor prognostic features, which deserves further study. All these studies suggest the strong rationale of treating cancers with a combination of the chemotherapy drug and a drug which inhibits Clusterin expression.
Metformin, a well-known metabolism modulator, attracts extensive researches on investigating its anticancer activity and shows much potential for cancer therapy while combining with chemo-and targeted drugs. 63, 64 Interestingly, we found that metformin inhibits bladder cancer cells migration and decreases Clusterin expression [ Figure 4A and B]. The classic anticancer mechanism of metformin is activation of AMPK signaling pathway, and new mechanisms are being explored. Our recent unpublished data show that Clusterin is overexpressed in human bladder cancer tissues, especially muscle-invasive bladder cancer patients [ Figure 4C ]. Metformin significantly decreases Clusterin expression, suggesting that inhibiting Clusterin expression could be a novel mechanism of metformin's anticancer activities which warrants further investigation.
Discussion
To date, while surgical resection and adjuvant therapy can cure well-confined primary tumors, metastatic disease is largely incurable because of the resistance to existing therapeutic agents. Thus, over 90% of mortality from cancer is attributable to metastases. 65, 66 Although a number of fundamental questions concerning the basic nature of carcinoma metastasis remain incompletely understood, recent research has succeeded in implicating specific molecules in the regulation of discrete cell-biological aspects of the invasion-metastasis cascade.
In this mini-review, we emphasize on the crucial role of Clusterin in cancer metastasis. Compelling evidence showed that Clusterin is overexpressed in various advanced cancers and correlates with cancer grades. Upregulation of Clusterin promotes cancer invasion and metastasis. Detecting tissue or serum Clusterin level is a potential way to diagnose cancer early metastasis. As described earlier, preclinical data showed that inhibition of Clusterin delays cancer metastasis and enhances the sensitivity of cytotoxic chemotherapy. In addition, clinical phase I/II studies demonstrated that inhibition of Clusterin significantly improves patients overall survival. Major molecular mechanisms of Clusterin-mediated metastasis could be classified into activation of EMT, anti-apoptotic property and induction of chemotherapeutic resistance. However, phase III trial of combining Custiren with first-line docetaxel and prednisone in metastatic CRPC patients did not improve overall survival. These complicated findings prompt us to develop novel therapeutic routes to decrease the risk of metastasis and to enhance the tumoral sensitivity to chemotherapy or radiotherapy, especially in those cases with high levels of Clusterin expression. In addition, further efforts are needed to increase the current understanding of the role of Clusterin in specific situation of cancer metastasis. Along with this strategy, we could improve clinical patient survival more effectively through targeting Clusterin signaling.
In conclusion, Clusterin plays an important role in cancer metastasis. New strategies to effectively inhibit Clusterin level in cancer patients are in the development phase. Although we highlighted novel findings regarding the role of Clusterin on tumor metastasis in this mini-review, more evidence targeting Clusterin is needed for exploring detailed molecular mechanisms. We believe that reducing Clusterin levels with feasible approaches will provide benefit to delay cancer metastasis, based on a complete understanding of Clusterin function in cancer progression in near future.
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